T HE DECLINE IN PHYSICAL FUNC
tion that occurs with aging often represents the early stage of a continuum leading to disability and other important adverse outcomes such as institutionalization. For example, although the prevalence of disability in the United States declined from 1982 to 2004, 1 the absolute number of disabled older US adults is projected to increase as the population ages over the next 2 decades, 2 with a detrimental effect on the health-related costs and long-term care. 3 Thus, disentangling the mechanisms underlying the disablement process has been identified as a highresearch priority, 4 and the assessment of physical function has become an essential feature of the comprehensive clinical evaluation of older persons. 5 Standardized measures such as the Short Physical Performance Battery 6 have been developed to study the etiology and progression of functional decline and disability.
Poor nutrition may play a role in the disabling process through different mechanisms, for example, by increasing the levels of markers of inflammation and oxidative stress, 7 with subsequent muscle or neuronal cell damage 8, 9 and decline in physical and cognitive function. 10, 11 Despite this strong theoretical basis, relatively little empirical evidence links poor nutrition to decline in physical function. Previous studies 12 and our recent findings [13] [14] [15] [16] have shown that poor nutrition is associated with reduced physical function, frailty, and disability in older persons. However, these studies have been limited by their cross-sectional design [12] [13] [14] [15] or nonrepresentative samples, which have included, for example, only older women with some level of difficulty in physical function. 16 The purpose of this study was to determine whether a low concentration of specific micronutrients is associated with subsequent decline in physical function. We used data from a population-based longitudinal study of community-living older adults, which included objective measures of both nutritional status and physical function.
METHODS
Invecchiare in Chianti (InCHIANTI) is a population-based study of risk factors contributing to decline in physical function in older persons living in 2 municipalities located in Tuscany, adjacent to the city of Florence, Italy. The design and methods on data collection have been described in detail elsewhere. 17 In brief, potential participants were randomly selected from the population registry, and 1155 persons 65 years or older agreed to participate in the study. The response rate was 91.6%.
Data collected at baseline and during a 3-year follow-up assessment were used for the current study. As shown in FIGURE 1, participants were excluded if they had either missing Short Physical Performance Battery data at baseline or during follow-up or had a score of 3 or less at baseline (to exclude participants with very poor functional status who had little opportunity to decline further).
Trained interviewers administered a structured assessment in the participant's home, including questions on education, socioeconomic status, household composition, and health and functional status. Cognitive function was assessed by the Mini-Mental State Examination, 18 and depressive symptoms were assessed using the Center for Epidemiological Studies-Depression Scale (CES-D). 19 Participants were asked to specify their level of physical activity, which was subsequently classified as (1) sedentary: completely inactive or light physical activity (ie, walking) for less than 1 h/wk; (2) light: light physical activity for 2 to 4 h/wk; or (3) moderate to intense: light physical activity for more than 4 h/wk or moderate physical activity (ie, swimming etc) 1 to 2 h/wk or more. A validated food frequency questionnaire was administered to estimate intake of energy and nutrients. 20 A medical examination and an assessment of micronutrient concentrations and physical function were subsequently performed in the study clinic by physicians and therapists, respectively. Weight and height were measured according to standard protocols, and body mass index (BMI) was calculated as weight in kilograms divided by height in meters squared. The presence of major chronic conditions was established by trained geriatricians according to algorithms based on information from the medical history, drug treatments, signs and symptoms, and hospital discharge records. 21 The number of chronic conditions (including diabetes, arthritis, stroke, angina pectoris, congestive heart failure, chronic obstructive pulmonary disease, myocardial infarction, and cancer) served as the indicator of comorbidity. The Italian National Research Council of Aging Ethical Committee approved the study protocol. Participants provided written informed consent to participate in the study.
Assessment of Micronutrient Concentrations
Fasting blood samples were obtained by venipuncture between 7 AM and 10:30 AM.
Serum folate and vitamin B 6 and B 12 concentrations were obtained by centrifuging blood, which was collected in evacuated tubes without anticoagulant and stored at −80°C. Vitamin B 6 was measured by high-pressure liquid chromatography (Immundiagnostik, Bensheim, Germany) and vitamin B 12 and folate by radioimmunoassay (ICN Pharmaceuticals, New York, New York). The minimum detectable concentrations were 0.6 ng/mL (1.5 nmol/L) for folate, 0.2 ng/mL (0.8 nmol/L) for vitamin B 6 , and 75 pg/mL (55.3 pmol/L) for vitamin B 12 ; the intra-assay coefficients of variation were 4.1% for folate, 2.8% for vitamin B 6 , and 11.2% for vitamin B 12 ; and the interassay coefficients of variation were 7.1% for folate, 4.1% for vitamin B 6 , and 12.3% for vitamin B 12 . Plasma vitamin E (␣-tocopherol) concentrations were measured by reverse-phase high-pressure liquid chromatography. Triplicate analysis of the reference samples provided by the American Association for Laboratory Accreditation (Washington, DC) showed intrabatch and interbatch coefficients of variation of 3% and 4.2% respectively. 25-Hydroxyvitamin D was measured by radioimmunoassay (DiaSorin Inc, Stillwater, Minnesota), after extraction of samples with acetonitrile. Intra-assay and interassay coefficients of variation were each 8.1%. Intraassay coefficient of variance was less than 3.0% and interassay, less than 5.5%. Iron was assessed using a colorimetric assay (Roche Diagnostics, Mannheim, Germany).
Assessment of Physical Function
The physical performance score was derived from 3 objective tests of physical function: 4-meter walking speed, repeated chair rises, and standing balance in progressively more challenging positions. 6 Walking speed was defined as the best performance (time) of 2 walks at usual pace over a 4-meter course. For the chair-stand test, participants were asked to rise 5 times from a seated position as quickly as possible with their hands folded across the chest; and performance was expressed as total time to complete the test. For the standing-balance test, participants were asked to stand in 3 progressively more difficult positions for 10 seconds each: feet in side-by-side, semitandem, and full-tandem positions.
For each of these 3 physical performance tests, participants received a score from 0 to 4, with a value of 0 indicating the inability to complete the test and 4 the highest level of performance. The values were summed to create a total score ranging from 0 to 12 with higher scores representing better performance. Previous studies have demonstrated that older, nondisabled persons with a low score are at high risk of developing disability. 6 The Short Physical Performance Battery score has excellent reliability and is highly sensitive to clinically important change.
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Statistical Analysis
Descriptive analyses were performed to provide information on general characteristics of the study population. The physical performance score at baseline was subtracted from the score at the 3-year follow-up to identify participants who declined in physical function. Because the loss of 1 point in the physical performance score is considered a clinically meaningful 23 and a potentially modifiable 24 change, a dichotomized variable (1 indicates a loss of Ն1 point; 0, no loss) was created and used as the primary outcome in the current study. An analysis that included micronutrients and physical performance scores as continuous variables (with 99% power to detect an interaction) confirmed that the effect of nutrients on change in the physical performance score did not differ over the range of physical performance scores at baseline, thereby justifying our decision to include all participants who lost at least 1 point in a single group.
As in a previous study, 16 low concentration for each nutrient was defined as the lowest quartile of the baseline distribution. The cutoff values were 1.1 µg/mL (24.9 µmol/L) for ␣-tocopherol, 275 pg/mL (202.9 pmol/L) for vitamin B 12 , 4.35 ng/mL (17.6 pmol/L) for vitamin B 6 , 1.9 ng/mL (4.31 nmol/L) for folate, 305 ng/dL (761.28 nmol/L) for 25-hydroxyvitamin D, and 55 µg/dL (9.8 µmol/L) for iron. This analytical approach was used because nutrient requirements for older persons are inadequately documented and cutoff points for this segment of the population have not been defined. 25 Logistic regression models were used to evaluate the association between low concentration of the specific micronutrients and subsequent decline in physical function. The odds ratios (ORs) were calculated for the lowest quartile of each nutrient, using the other 3 quartiles combined as the reference group. Four separate logistic models were used for each nutrient: (1) unadjusted; and adjusted for (2) age; (3) age and sex; and (4) age, sex, educational achievement, marital status, household composition, smoking, physical activity level, chronic conditions, BMI, and CES-D and Mini-Mental State Examination scores. As previously suggested, 26 we adjusted the analyses on vitamin E for total cholesterol. Because cholesterol-adjusted and cholesterolunadjusted models yielded similar results, cholesterol-unadjusted models are presented.
Two additional and complementary analytical approaches, namely multiple general linear models and classification and regression tree (CART) analysis, were used to evaluate more completely the association between low concentration of micronutrients and subsequent decline in physical function and to confirm the validity of our primary results. Separate general linear models were used to evaluate whether serum concentrations of micronutrients at baseline (continuous) were associated with the physical performance score at follow-up (continuous) after adjustment for the physical performance score at baseline (continuous) and potential confounders, as in the fully adjusted model. Finally, CART analysis was performed to identify a hierarchical order of and potentially complex interactions between the concentration of different micronutrients (continuous) and the other variables included in the fully adjusted logistic model (model 4) with the outcome of decline in physical function (dichotomous). CART analysis uses recursive partitioning to define the optimum cutoff point for continuous predictors and identifies homogeneous groups having the largest difference in the outcome variable (minimum misclassification error rate). 27 Interactions between independent variables are evaluated recursively instead of simultaneously as in linear regression. This process results in a classification rule with the optimum cut point for continuous variables and is represented as a tree. Cross validation was applied and the tree with the smallest deviance (sum of squares for residuals) was considered to have the optimal size. 27 Finally, based on the results of the preceding analyses, we plotted the relationship between vitamin E concentration and decline in the physical performance score to evaluate graphically whether these values had a doseresponse relationship. Because the graph suggested a change in the slope above specific concentrations of vitamin E, we created dummy variables of quartiles of vitamin E and tested the difference in the change of the physical performance score between each of the lowest 3 quartiles vs the upper quartile, using logistic-regression analysis adjusted for age, sex, educational achievement, marital status, household composition, smoking, physical activity level, chronic conditions, BMI, CES-D and Mini-Mental State Examination scores, and physical performance score at baseline.
The CART analysis was performed using S-PLUS statistical software.
28 All other analyses were performed using SAS version 8.1.
29 Two-tailed PϽ.05 was considered statistically significant.
RESULTS
TABLE 1
provides the baseline characteristics of participants according to decline in physical function. Participants who declined were older and more likely to be women, had lower educational achievement and physical activity level, poorer cognitive function, and more depressive symptoms. The final analytical sample included 698 participants 65 years or older. Only 1 individual was taking a vitamin E supplement. The mean decline in physical performance score over the 3-year follow-up period was 1.1 point, with 50.4% declining by at least 1 point. Participants excluded from the study (n=457) were older (PϽ.001), had a lower level of physical activity (PϽ.001), poorer cognitive (PϽ.001) and physical function (PϽ.001), and a lower concentration of vitamin D (P=.01).
In the unadjusted analyses (TABLE 2), low concentrations of both vitamin E and vitamin D were significantly associated with subsequent decline in physical function, with ORs of 1.65 (95% confidence interval [CI], 1.17-2.34, P=.01) and 1.45 (CI, 1.03-2.05, P = .03), respectively. In the fully adjusted model, the association between vitamin E and physical function remained statistically significant (OR, 1.62; CI, 1.11-2.36; P = .01). Even after adjustment for energy intake, the results did not change appreciably (OR, 1.63; CI, 1.12-2.38; P=.01). The association of vitamin E with change in the physical performance score over 3 years did not depend on the initial physical performance score (interaction term, ␤ = −.005; P =.33).
In the multivariate general linear regression analyses, only a lower concentration of vitamin E (continuous) was significantly associated with a lower physical performance score at follow-up after adjustment for potential confounders and the physical performance score at baseline (␤=.02; P=.01). Further adjustment for energy intake had little effect on the results (␤=.022; P = .01). When the logistic and general linear models were adjusted for each of the chronic conditions, rather than the number of chronic conditions, the results did not change appreciably (logistic model: OR, 1.58; 95% CI, 1.08-2.33; general linear model: ␤ = .023, P = .01). Because lipid intake, in particular vegetable lipids, could potentially confound the relationship between vitamin E and physical function, we completed a series of additional analyses that adjusted individually for dietary intake of total lipids, total vegetable lipids, and monosaturated and polyunsaturated fatty acids, and found that the results were essentially unchanged for each model (␤ = .023; P =.01).
Using a logistic regression analysis, we found that the slope of the relationship between vitamin E concentration and decline in physical function changes above specific values of Vitamin E. In fact, we found that the average decline in the physical performance score among participants with vitamin E concentrations in the first and second lowest quartiles were 0.66 (P=.006) and 0.43 (P=.06) points, respectively, compared with that among participants in the upper quartile. Although the quadratic term included in the logistic model was not significant (␤ = −.004; P = .41), we found almost no difference (0.08 points; P=.74) in the average decline in the physical performance score when participants in the third quartile of vitamin E were compared with those in the upper quartile. Higher vitamin E concentrations were associated with younger age, female sex, and higher BMI (TABLE 3) .
As shown in FIGURE 2, among the 17 factors evaluated in the CART analysis (the 6 micronutrients and the 11 covariates used in the fully adjusted models), age and vitamin E were identified as the strongest determinants of decline in physical function. Participants older than 81 years had the highest risk of physical function declining (84%), while those 70 years or younger had the lowest risk. Among persons aged 70 to 80 years, the strongest predictor of decline in physical function was a concentration of vitamin E of 1.4 µg/mL (32 µmol/L) or less. The misclassification error rate for the CART analysis was 0.33.
COMMENT
In a population-based sample of community-living older men and women, we evaluated whether a low concentration of micronutrients was associated with subsequent decline in physical function. Using 3 analytical approaches, we consistently found that a low concentration of vitamin E was associated with subsequent decline in physical function.
As the major lipid-soluble antioxidant, vitamin E plays a critical role in the defense from oxidative stress by donating electrons and neutralizing free radicals. Low concentrations of vitamin E may affect this neutralization by creating an imbalance between oxidants and antioxidants and, consequently, a highly reactive milieu. Because molecular oxygen promptly accepts unpaired electrons to form reactive oxygen species, 30 this imbalance may lead to excessive formation of reactive oxygen species and, consequently, to oxidative stress that may cause lipid peroxidation 31 and DNA, 8 muscle, 8 and neuronal 9 damage. This chain of events may explain, at least in part, our findings on the asso- Abbreviations: CI, confidence interval; OR, odds ratio. SI conversion factors: to convert vitamin E from µg/mL to µmol/L, multiply by 23.22; vitamin B12 from pg/mL to pmol/L, multiply by 0.7378; vitamin B6 from ng/mL to nmol/L, multiply by 4.046; vitamin D from ng/mL to nmol/L, multiply by 2.496; and folic acid from ng/mL to nmol/L, multiply by 2.266. a Nutrients were entered in separate models (1st quartile vs upper 3 quartiles). Outcome represents dichotomized variables (1 indicates a decline of at least 1 point in the Short Physical Performance Battery score; 0, no decline). b Model 1 is not adjusted; model 2 adjusts for age; model 3 adjusts for age and sex; and model 4 adjusts for age, sex, educational achievement, marital status, household composition, smoking, physical activity level, number of diseases, body mass index, Center for Epidemiological Studies-Depression Scale, and Mini-Mental State Examination.
ciation between low concentrations of vitamin E and subsequent decline in physical function. The hypothesis that antioxidants play a role in the etiology of decline in physical function and disability is supported by our previous findings [13] [14] [15] [16] and other studies suggesting that oxidative stress is involved in muscle fatigue 32 and that antioxidants play a preventive role in muscle damage by reducing oxidative injury. 33 Interestingly, vitamin E plays a differential role in oxidative metabolism of different muscle fibers (type I and type II). Type I fibers are plentiful in myoglobin and mitochondrial enzymes and replenish phosphocreatine more efficiently via oxidative phosphorylation than do type II fibers, 34 which theoretically generate more free radicals. Thus, it has been suggested that type I (slow) fibers require more vitamin E than type II (fast) fibers. 34 Furthermore, high concentration of vitamin E has been associated with higher levels of creatine kinase activity, suggesting the possibility of increased skeletal muscle repair. 35 In addition, vitamin E deficiency has been associated with increased lipid peroxidation and risk of cardiovascular diseases, 31 as well as with neurodegenerative disorders. 9 Thus, at least 3 different mechanisms may explain the effect of low concentration of vitamin E on subsequent decline in physical function: (1) increased oxidative stress leading to muscle or DNA damage, 8 (2) exacerbation of atherosclerosis 31 or other pathologic conditions, 7 and (3) development of neurodegenerative disorders. 9 Although a low concentration of other micronutrients could potentially play a role in decline of physical function through alternative mechanisms, we could not establish associations in the current study between vitamin B 12 , vitamin B 6 , folic acid, vitamin D, or iron and subsequent decline in physical function.
To our knowledge, this is the first longitudinal study to have evaluated the effect of low concentrations of different micronutrients on subsequent decline in physical function using a population-based sample of older men and women living in the community. We used objective measures for the evaluation of both the exposure (concentration of micronutrients) and the outcome (decline in physical function). Hence, our results are not biased by self-report. Furthermore, we used an indicator of physical function derived from the assessment of 3 performance tests, which increases its reliability and accuracy. 22 Finally, the validity of our findings is strengthened by the use of 3 analytical approaches, each of which demonstrated the same result: low vitamin E concentration was associated with subsequent decline in physical function. Although observed over the entire range of vitamin E concentrations, decline in physical function was particularly pronounced for vitamin E concentrations in the lowest 2 quartiles, corresponding to values 1.29 µg/mL (Յ29.8 µmol/L). Of note, the cutoff of vitamin E selected by the CART analysis was 1.38 µg/mL (32 µmol/L) in participants aged 70 to 80 years old, and greater than 1.29 µg/mL (Ͼ30 µmol/L) is the cutoff used to define optimal status of vitamin E. 36 Hence, our results have face validity.
Potential limitations, however, warrant comment. First, our results may have been biased by losses to followup. Participants in the InCHIANTI study who were not included in the current study were older, more sedentary, and had lower cognitive function and physical performance scores compared with those who were included. In longitudinal studies of older persons, age-related problems-such as progressive cognitive impairment, morbidity and mortality-are inevitable causes of attrition, 36, 38 leading to loss of power and underestimation of decline in physical function over time. 38 Second, the InCHIANTI study is an Italian population-based sample, raising potential concerns about the generalizability of our findings. It is unlikely, however, that the basic biological mechanisms underlying decline in physical function with age differ substantially from one country to another. The low percentage of participants in this study who used nutritional supplements (4%), in contrast to that in the United States (Ͼ50%) 39 provided us with a unique opportu- nity to evaluate the "pure effect" of poor nutrition on decline in physical function.
Third, although vitamin D was associated with decline in physical function in bivariate analysis, this association was not observed in the adjusted analyses. Nevertheless, because persons who were not included in the study had a significantly lower concentration of vitamin D and worse physical function, it is possible that we missed a true association between these 2 variables. Fourth, because 6 micronutrients were evaluated, multiple testing may have increased the possibility of a falsepositive result. This concern, however, is attenuated by the consistency of the results across the 3 analytical approaches. Finally, it is possible that vitamin E may simply be a sensitive marker of differences in health status and that the adjustments used in the current study were not adequate. This possibility is diminished, however, by the specificity of the relationship between vitamin E and decline in physical function and the stability of the effect size despite sequential adjustment for multiple potential confounders. In a prior study 13 using baseline data from the InCHIANTI study, we found that the concentration of ␣-tocopherol, a common indicator of vitamin E status, was significantly correlated with dietary intake of vitamin E (r = 0.126, P = Ͻ.001). Because dietary intake of vitamin E includes not only ␣-tocopherol but also tocotrienols and all other tocopherols, we would not expect such a summary measure to be highly correlated with plasma ␣-tocopherol concentration. In the current study, only 1 participant reported taking a vitamin E supplement; hence, our findings do not suggest that vitamin E supplementation would prevent decline in physical function. Approximately 15 to 30 mg/d of dietary ␣-tocopherol is needed to achieve a plasma ␣-tocopherol concentration of 1.3 µg/mL (30 µmol/L), 37 and this amount can be easily reached through diet, from sources such as almonds, tomato sauce, and sunflower seeds among others (http://www.nal.usda.gov /fnic/foodcomp/Data/SR18/nutrlist /sr18w323.pdf).
In conclusion, the current study provides empirical evidence that a low concentration of vitamin E is associated with subsequent decline in physical function in a population-based sample of older persons living in the community. Although the findings from this epidemiological study cannot establish causality, they provide a solid base that low concentration of vitamin E contributes to decline in physical function. Clinical trials may be warranted to determine whether optimal concentration of vitamin E reduces functional decline and the onset of disability in older persons with a low concentration of vitamin E.
